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ABSTRACT: In the present work, a two-dimensional, transient, two-phase (two-fluid 
model), multicomponent model is considered for the anode-side of polymer electrolyte 
membrane fuel cells. The cell is assumed to include flow channel, gas diffusion layer, 
and catalyst layer. The discretized governing equations are numerically solved on a 
non-uniform grid with an in-house developed code. First, the steady-state effects of 
introducing Carbon-Monoxide-contaminated hydrogen on the cell performance were 
investigated. Then, the dynamic behavior of the cell under Carbon-Monoxide poisoning 
and the effects of air bleeding on the recovery of the output current density were 
investigated. The results were validated against experimental data, and it was indicated 
that even introducing a trace amount of contamination leads to significant degradation 
of cell performance (about 70% of output current was lost within 30 minutes when the 
hydrogen is pre-mixed with 10 part per million of Carbon Monoxide). Injecting a small 
amount of air into the anode stream resulted in a fast recovery of the lost current density 
(by injecting about 5% air into anode fuel, 80% of the output current was recovered 
within 2 minutes at 53 part per million Carbon Monoxide). Higher air bleeding ratio 
only resulted in minor improvement of the cell performance.
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1. INTRODUCTION
The fuel cells have been considered as the main candidate 

of future clean power generation devices for stationary and 
transport applications. Due to the low operating temperature 
of Polymer Electrolyte Membrane (PEM) fuel cells and the 
technical and practical issues associated with the economic 
method of hydrogen production through steam reforming 
of hydrocarbon fuels, contamination of the hydrogen fuel 
stream by impurities (such as Carbon monoxide (CO)) is 
inevitable. The steady state and transient effects of CO 
poisoning on the fuel cell performance was investigated in 
several studies [1-3]. Springer et al. [1] developed the first 
pseudo two-dimensional steady state kinetic model for CO 
poisoning. Also, Chu et al. [2] presented a one-dimensional, 
transient model in order to investigate the CO poisoning 
effect over time based on the model developed by Springer et 
al. [1]. Furthermore, some mitigation methods, which one of 
these, is the oxygen bleeding was reported in several studies. 
Baschuk et al. [3] presented a one-dimensional steady state 
kinetic model to simulate the CO poisoning effects and the 
oxygen bleeding as one of the CO mitigation techniques.

 In the present study, a comprehensive investigation 

of the steady-state and transient effect of introducing the 
CO contaminant into the anode feed stream through a 
computational fluid dynamics analysis and the two-phase 
flow modeling is reported. Also, the effect of injecting air 
into the poisoned fuel (air bleeding) in order to mitigate the 
destructive effects of CO poisoning is studied.

2. DESCRIPTION OF THE MATHEMATICAL MODEL 
In this section, the reaction kinetics and governing 

equations of the model used in the simulation are presented and 
discussed. The model is based on a single domain approach 
where all the governing equations are solved throughout the 
entire domain, without imposing the boundary conditions at 
the interfaces between different zones. The computational 
domain of anode-side in this study includes the gas channel, 
Gas Diffusion Layer (GDL), and the Catalyst Layer (CL). A 
set of conservation equations including mass, momentum, 
species, and liquid water equations, as well as, H2, CO and 
O2 coverage fraction equations are summarized as follows:
Mass conservation of the gas mixture [4]:
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Momentum conservation of the gas mixture [4]:
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Species conservation of the gas mixture [4]: 
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Liquid water transport equation [4]:  
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H2 coverage fraction equation [3, 5, 6]: 
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CO coverage fraction equation [3, 5, 6]: 
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O2 coverage fraction equation [3, 5, 6]: 
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where ug is the superficial velocity vector of gas 
mixture, ε porosity of the porous electrode, s the liquid 
water saturation, K the absolute permeability in the 
porous electrodes, Krg and Krl the relative permeability 
for the gas and liquid phase, Xi the mass fraction, Di

eff 
the effective diffusion coefficient, and Pc is the capillary 
pressure. In the Eqs. (5) to (7), the parameter n 
represents the order of the reaction. Also, θi denotes the 
fraction of catalyst site occupied by species i, k the 
forward rate constant, and b is the backward-to-forward 
adsorption ratio. The last terms in Eqs. (1) and (3) are 
the volumetric sink or source terms due to the 
electrochemical reactions in the catalyst layer, and they 
are zero in other parts of the computational domain. 
Also, the last term in Eq. (4) is the mass transport rate 
of water due to the evaporation which is given in Refs. 
[3, 4, 6]. 

3. Results and Discussion 
 Steady state CO poisoning effects 

Fig. 1 presents the anode overpotential as a function 
of the current density for various concentrations of CO 
in the hydrogen gas streams. Results indicate that the 
anode overpotential increases with the increment of CO 
concentration in the anode gas streams. As shown in 
Fig. 1, the predicted results are in good agreement with 
the experimental results of Lee et al. [7]. In the present 
steady-state simulation of CO poisoning, second order 
H2 adsorption was considered (i.e., n=2). Table 1 gives 
the parameters used in this steady-state simulation. 
Other parameters were adopted from ref [7]. 
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O2 coverage fraction equation [3, 5, 6]: 
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where ug is the superficial velocity vector of gas 
mixture, ε porosity of the porous electrode, s the liquid 
water saturation, K the absolute permeability in the 
porous electrodes, Krg and Krl the relative permeability 
for the gas and liquid phase, Xi the mass fraction, Di

eff 
the effective diffusion coefficient, and Pc is the capillary 
pressure. In the Eqs. (5) to (7), the parameter n 
represents the order of the reaction. Also, θi denotes the 
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forward rate constant, and b is the backward-to-forward 
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where ug is the superficial velocity vector of gas 
mixture, ε porosity of the porous electrode, s the liquid 
water saturation, K the absolute permeability in the 
porous electrodes, Krg and Krl the relative permeability 
for the gas and liquid phase, Xi the mass fraction, Di

eff 
the effective diffusion coefficient, and Pc is the capillary 
pressure. In the Eqs. (5) to (7), the parameter n 
represents the order of the reaction. Also, θi denotes the 
fraction of catalyst site occupied by species i, k the 
forward rate constant, and b is the backward-to-forward 
adsorption ratio. The last terms in Eqs. (1) and (3) are 
the volumetric sink or source terms due to the 
electrochemical reactions in the catalyst layer, and they 
are zero in other parts of the computational domain. 
Also, the last term in Eq. (4) is the mass transport rate 
of water due to the evaporation which is given in Refs. 
[3, 4, 6]. 

3. Results and Discussion 
 Steady state CO poisoning effects 

Fig. 1 presents the anode overpotential as a function 
of the current density for various concentrations of CO 
in the hydrogen gas streams. Results indicate that the 
anode overpotential increases with the increment of CO 
concentration in the anode gas streams. As shown in 
Fig. 1, the predicted results are in good agreement with 
the experimental results of Lee et al. [7]. In the present 
steady-state simulation of CO poisoning, second order 
H2 adsorption was considered (i.e., n=2). Table 1 gives 
the parameters used in this steady-state simulation. 
Other parameters were adopted from ref [7]. 
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Liquid water transport equation [4]:  
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where ug is the superficial velocity vector of gas 
mixture, ε porosity of the porous electrode, s the liquid 
water saturation, K the absolute permeability in the 
porous electrodes, Krg and Krl the relative permeability 
for the gas and liquid phase, Xi the mass fraction, Di

eff 
the effective diffusion coefficient, and Pc is the capillary 
pressure. In the Eqs. (5) to (7), the parameter n 
represents the order of the reaction. Also, θi denotes the 
fraction of catalyst site occupied by species i, k the 
forward rate constant, and b is the backward-to-forward 
adsorption ratio. The last terms in Eqs. (1) and (3) are 
the volumetric sink or source terms due to the 
electrochemical reactions in the catalyst layer, and they 
are zero in other parts of the computational domain. 
Also, the last term in Eq. (4) is the mass transport rate 
of water due to the evaporation which is given in Refs. 
[3, 4, 6]. 

3. Results and Discussion 
 Steady state CO poisoning effects 

Fig. 1 presents the anode overpotential as a function 
of the current density for various concentrations of CO 
in the hydrogen gas streams. Results indicate that the 
anode overpotential increases with the increment of CO 
concentration in the anode gas streams. As shown in 
Fig. 1, the predicted results are in good agreement with 
the experimental results of Lee et al. [7]. In the present 
steady-state simulation of CO poisoning, second order 
H2 adsorption was considered (i.e., n=2). Table 1 gives 
the parameters used in this steady-state simulation. 
Other parameters were adopted from ref [7]. 
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Species conservation of the gas mixture [4]: 

      
CO O,H ,O ,H

.
1

222





i

SXDXu
t

Xs
ii

eff
igigg

ig 
 

 (3) 

Liquid water transport equation [4]:  

 

ohlg

c

l

rl
lg

lrg

grl
l

l

MS

s
ds
dPKKu

k
k

t
s

2

..

































 
 (4) 

H2 coverage fraction equation [3, 5, 6]: 

O
n

Hoh
a

Heh

n
Hfhfh

n
HOCOHfh

H
pt

k
RT

Fk

kbpk
t











)sinh(2

)1(2  
(5) 

CO coverage fraction equation [3, 5, 6]: 

COOoc
CO

COec

COfcfcHOCOCOfc
CO

Pt

k
RT

F
k

kbpk
t


















)exp(

)1(
 

(6) 

O2 coverage fraction equation [3, 5, 6]: 

OCOocO
n
Hoh

n
Ofofo

n
HOCOOfo

O
Pt

kkkb

pk
t











)(

)1(2  (7) 

where ug is the superficial velocity vector of gas 
mixture, ε porosity of the porous electrode, s the liquid 
water saturation, K the absolute permeability in the 
porous electrodes, Krg and Krl the relative permeability 
for the gas and liquid phase, Xi the mass fraction, Di

eff 
the effective diffusion coefficient, and Pc is the capillary 
pressure. In the Eqs. (5) to (7), the parameter n 
represents the order of the reaction. Also, θi denotes the 
fraction of catalyst site occupied by species i, k the 
forward rate constant, and b is the backward-to-forward 
adsorption ratio. The last terms in Eqs. (1) and (3) are 
the volumetric sink or source terms due to the 
electrochemical reactions in the catalyst layer, and they 
are zero in other parts of the computational domain. 
Also, the last term in Eq. (4) is the mass transport rate 
of water due to the evaporation which is given in Refs. 
[3, 4, 6]. 

3. Results and Discussion 
 Steady state CO poisoning effects 

Fig. 1 presents the anode overpotential as a function 
of the current density for various concentrations of CO 
in the hydrogen gas streams. Results indicate that the 
anode overpotential increases with the increment of CO 
concentration in the anode gas streams. As shown in 
Fig. 1, the predicted results are in good agreement with 
the experimental results of Lee et al. [7]. In the present 
steady-state simulation of CO poisoning, second order 
H2 adsorption was considered (i.e., n=2). Table 1 gives 
the parameters used in this steady-state simulation. 
Other parameters were adopted from ref [7]. 
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porosity of the porous electrode, s the liquid water saturation, 
K the absolute permeability in the porous electrodes, Krg and 
Krl the relative permeability for the gas and liquid phase, 
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eff the effective diffusion coefficient, 
and Pc is the capillary pressure. In the Eqs. (5) to (7), the 
parameter n represents the order of the reaction. Also, θi 
denotes the fraction of catalyst site occupied by species I, k 
the forward rate constant, and b is the backward-to-forward 
adsorption ratio. The last terms in Eqs. (1) and (3) are the 
volumetric sink or source terms due to the electrochemical 
reactions in the catalyst layer, and they are zero in other parts 
of the computational domain. Also, the last term in Eq. (4) is 
the mass transport rate of water due to the evaporation which 
is given in Refs. [3, 4, 6].

3. RESULTS AND DISCUSSION
Steady state CO poisoning effects

Fig. 1 presents the anode overpotential as a function 
of the current density for various concentrations of CO 
in the hydrogen gas streams. Results indicate that the 
anode overpotential increases with the increment of CO 

concentration in the anode gas streams. As shown in Fig. 1, the 
predicted results are in good agreement with the experimental 
results of Lee et al. [7]. In the present steady-state simulation 
of CO poisoning, second order H2 adsorption was considered 
(i.e., n=2). Table 1 gives the parameters used in this steady-
state simulation. Other parameters were adopted from ref [7].

In these results, three distinct regimes are visible at high 
concentrations of CO (50 ppm and 100 ppm). In the low 
current density regime (until 0.2 A cm-2 for 50 ppm and until 
0.1 A cm-2 for 100 ppm), a relatively small increase in the 
anode overpotential is observed and the cell performance is 
not affected by the poisoned catalyst site. When the output 
current density becomes greater than a limiting current 
density which is 0.3 A cm-2 for 50 ppm and 0.1 A cm-2 for 100 
ppm, the increase in the anode overpotential is significant, 
indicating that the cell performance is strongly influenced by 
CO poisoning. This significant rise in the anode overpotential 
leads to a great acceleration in the CO electro-oxidation rate, 
which rapidly removes the CO from the catalyst surface [8]. 
When the current density further increases (more than 0.5 A 
cm-2 for 50 ppm and more than 0.3 A cm-2 for 100 ppm), the 
slope of the change is reduced and the anode overpotential 
increases with a slight gradient and the fuel cell voltage goes 
up to zero gently. 

 
Fig. 1: Anode overpotential for the various concentration of CO in the anode gas stream [7] 

  
Fig. 1: Anode overpotential for the various concentration of CO 

in the anode gas stream [7]

Table 1. Parameters used for the analysis of CO poisoning  
 

 Unit Value[7] Parameter 

atm 0.5 4.5e-5 , ,fc fhb b  
A cm-2 atm-1 

3 0.06    , ,fc fhk k  

A cm-2 0.75 5e-9    , ,ec ehk k  

- - 0.5     , a  

Table 1. Parameters used for the analysis of CO poisoning 
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Transient CO poisoning effects
The effect of CO concentration on the dynamic response 

of the cell current density is shown in Fig. 2. The values of 
cathode exchange current density and transfer coefficient 
are ioc = 1.2e-5 (A cm-2), αa=0.36, αc=1. The parameters used 
in the modeling are taken from Ref. [5]. In this simulation, 
first order H2 adsorption was considered, i.e., n=1. When 
CO is introduced into the H2 fuel stream, the current density 
decreases sharply (a drop in the current density from 1800 
to 600 mA cm-2 at 10 ppm), this dramatic drop shows that 
the presence of very low levels of CO has a significant 
detrimental effect on cell performance. After a long time, 
the current density eventually reaches a steady-state current 
density. By increasing the CO concentration, the time 
required to reach a steady state current density is decreased. 
For example, at 10 ppm, the steady state time is about 33 
minutes, while at 100 ppm, this steady-state time is reduced 
to 17 minutes. CO concentration also affects the steady-
state current density. As the CO concentration is increased, 
the steady-state current density decreases. For example, the 
steady-state current density decreases from 0.6 to 0.06 mA 
cm-2 when the CO levels are increased from 10 to 100 ppm. 
Although an increase in the CO concentration decreases the 
steady-state current density, the amount of these changes 
decreases with increasing CO levels, so that the change in 
the steady state current density at 90 ppm to 100 ppm is very 
small. Therefore, the steady-state current density is more 
sensitive to changes in CO concentration at low levels of CO. 

Effect of air bleeding
One of the ways to reduce the CO poisoning effects is to 

introduce the O2 or air into the anode stream. Fig. 3 shows the 
variation of the current density at a voltage of 0.6 V over time. 
In this figure, a comparison between the experimental results 
[5] and the results of numerical modeling has been made. 
Although the simulation does not match the experimental 
data exactly for all cases, it does predict the general trend 
of transient poisoning and air bleeding and demonstrates 
the combined effects that air and CO can have on the cell 
performance. The cathode is fed with pure O2 during the 
entire simulation. At t = 1.5 min, 53 ppm CO is introduced 
into the fuel, which leads to a reduction of the output current 
density (from 1800 to 150 mA cm-2) over 8.5 minutes. At t 
= 27.5 min, different levels of air (2%, 3%, 5%, 20% air) 

were introduced into the CO-poisoned cell, and as the results 
indicate, the output current density is increased quickly 
afterward. The reason for this fast recovery is that oxygen 
molecules react and oxidizes the adsorbed CO molecules, 
which results in the mitigation of CO and production of CO2. 
Removing CO from the surface catalyst leads to increasing 
the available surfaces for HOR reaction and then, more H2 
is oxidized, and eventually, the output current density is 
increased.

When 2% of air is injected into hydrogen fuel, the output 
current density rises rapidly from 150 to 937 mA cm-2(about 
30% of the initial current density is recovered). When 3% of 
air is injected, the current density is increased to 1260 mA 
cm-2 (about 68% of the initial current density is recovered), 
when 5% of air is injected, the current density is increased 
to 1435 mA cm-2 (about 78% of the initial current density is 
recovered), and when 20% air is injected, the current density 
reaches to 1675 mA cm-2 (about 92% of the initial current 
density is recovered.

In the low air bleeding region (0–3%), the current density 
is increased significantly and recovered as the air bleeding 
concentration is increased. In the high air bleeding region 
(>5%), only a minor improvement of output current density 
is seen as the air bleeding concentration is increased. This 
suggests that air bleeding at a low air concentration is more 
effective than that at a high air concentration. At a high air 
level, nitrogen may dilute the concentration of hydrogen and 
part of the hydrogen may also be oxidized by the oxygen in 
the air.

4. CONCLUSIONS
The main conclusions of this research are as follows:

1. The presence of a very low amount of carbon monoxide 
impurities in hydrogen fuel leads to a sharp drop in fuel 
cell performance.

2. When the CO concentration in the anode inlet feed 
increases, the sharp voltage drop (critical current density) 
begins at lower current densities.

3. The steady-state current density is more sensitive to 
changes in CO concentration at low levels of CO.

4. Injection a small amount of air into contaminated fuel 
results in a fast recovery of the lost current density.

 
Fig. 2. Effect of CO concentration on cell performance 

  
Fig. 2. Effect of CO concentration on cell performance

 
Fig. 3: Effect of anode air bleeding on the output current density [5] 

 

Fig. 3: Effect of anode air bleeding on the output current 
density [5]
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